Abstract-Produced water is the largest waste discharge from the production phase of oil and gas wells. Produced water is a mixture of reservoir formation water and production chemicals from the separation process. This creates a chemical mixture that has several components of toxic concern, ranging from heavy metals to soluble hydrocarbons. Analysis of potential environmental effects from produced water in the Sable Island Bank region (NS, Canada) was conducted using an integrated modeling approach according to the ecological risk assessment framework. A hydrodynamic dispersion model was used to describe the wastewater plume. A second fugacity-based model was used to describe the likely plume partitioning in the local environmental media of water, suspended sediment, biota, and sediment. Results from the integrated modeling showed that the soluble benzene and naphthalene components reach chronic no-effect concentration levels at a distance of 1.0 m from the discharge point. The partition modeling indicated that low persistence was expected because of advection forces caused by tidal currents for the Sable Island Bank system. The exposure assessment for the two soluble hydrocarbon components suggests that the risks of adverse environmental effects from produced water on Sable Island Bank are low.
INTRODUCTION
Every ecotoxicology study involves some form of modeling, conceptual to mathematical and analytical. However, many studies are modeling studies per se. As an interdisciplinary science, modeling plays a vital role in ecotoxicology. Models range from conceptual to quantitative and predictive, from models of chemical fate (source, inputs, transport), bioavailability, and effects or of fate, transport, and effects to models of estimates of ecological risk and, importantly, to ecosystem simulation models. Reviews and overviews of this topic have appeared recently [1] [2] [3] [4] [5] [6] [7] [8] [9] . The summary below, as part of the present paper on fate modeling, is illustrative, not exhaustive. However, as can be seen, Don Mackay has made a substantial contribution to the general use of fate models in ecotoxicology as well as in the field of oil spills.
Conceptual models include the well-known schematic model showing effects and linkages across levels of biological organization [10] , the U.S. Environmental Protection Agency ecological risk assessment (ERA) model [11] , the trophic dynamics model showing movement of a chemical through a food chain [3] , and bioaccumulation models illustrating how a chemical is taken up, metabolized, and depurated from an organism (plant, invertebrate, vertebrate) [12] .
Chemical fate and exposure models have been extensively developed in the fields of pesticides and organic contaminants [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and oil spills (see below), covering both processes and rates of change. These include transport models such as TOXFATE [23] and multimedia mass-balance models such as FUGACITY [18, 24, 25] .
Uptake (i.e., partitioning) and effects models include pharmacokinetic models [26, 27] , those describing bioaccumulation * To whom correspondence may be addressed (peter.wells@ec.gc.ca).
processes and rates [28] [29] [30] [31] [32] [33] [34] [35] [36] , dose-response models [37] , and those estimating effects on growth of individuals, population sizes, recruitment [10, 38, 39] , and food webs [40, 41] . Models are also used in hazard and risk assessment [42] [43] [44] [45] and in ecological monitoring of particular stressors and/or natural factors causing environmental change [46, 47] . Numerical models of water quality and exchange [48] as well as ecological models, such as simulation models of shelf ecosystems [49] , are very important to understanding the hydrodynamics and ecology and, hence, the potential impacts of stressors in aquatic systems.
Fate and effects models are available both commercially (e.g., the many Applied Science Associates oil spill models, ECOTOX [50, 51] ) and noncommercially for research purposes (e.g., fate models [21] ; Mackay at Trent University [Petersborough, ON, Canada] for the fugacity models, levels 1-4).
To develop a methodology for exposure modeling, a review of fate modeling for produced water (PW) in various production areas was completed. An examination of the model choices and approaches led to the research methodology for modeling options and analysis in the present study. The PW fate models began by examining the physicochemical pathways for exposure assessment [52] . Present modeling developments have included risk estimation based on the earlier physicochemical models, dose-response data, and geographic information systems to simulate potential ecosystem effects [53] [54] [55] .
Don Mackay and oil spill/hydrocarbon fate modeling
Many models have been developed and applied in the area of oil spill impacts (fate and effects) and countermeasures since the 1970s [56] [57] [58] in the 1970s and 1980s played a significant role in the development, application, and promotion of spill and spill process models [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] . His models, both conceptual and mathematical, proved to be invaluable at identifying key fate and transport processes of spilled oil and hydrocarbon products. These greatly assisted ecotoxicologists in conducting more realistic experiments with hydrocarbons and their mixtures. Mackay's conceptual model of major physical, chemical, and biological processes at a spill site has been extensively used and cited [60] , almost unchanged, for a remarkable 20 years! Hydrocarbon volatilization and dissolution models [63, 65, 72] were used to understand and emphasize the fate of low-molecular-weight aromatic hydrocarbons, allowing estimates of realistic hydrocarbon concentrations for experimental toxicology studies.
Many other organizations, such as Applied Science Associates (Rhode Island, USA) and SLRoss (Ontario, Canada), have also contributed greatly to the field of oil spill modeling [73] [74] [75] [76] [77] . Spill trajectory and impact models are now extensive in both number and type [78] [79] [80] . Risk models have also been developed, such as that for pelagic seabirds and offshore oiling from shipping on the Scotian Shelf and Grand Banks [81] .
Models have been particularly important in the area of chemical countermeasures, such as in the dispersant field [57] , where laboratory, microcosm, field enclosures, and field studies were conducted to compare the fate of naturally versus chemically dispersed oils and to identify which sensitive inshore ecosystems could be protected through dispersant use. Mackay and his colleagues played a significant part in the relatively early days of this research and its applications [62] .
Quantitative modeling approaches have matured in the oil spill area. They are now accepted both for spill research and for spill countermeasures and response. They are used as well in making estimates of the ecological risks associated with oil and gas exploration and development. One of us (P.G. Wells) was fortunate to absorb some of the practical lessons of modeling directly from Mackay-especially the finer points of fugacity for research and education [18, 82, 83] . The following research study concerning PW builds on his legacy of oil spill and fugacity modeling.
Exposure assessment of PW
Reservoir formation water is brought to the surface during the extraction of oil and gas by offshore production facilities. During the production processes, various chemicals are added to improve oil and gas separation (i.e., scale inhibitors and production chemicals), some of which enter the wastewater production cycle [58] . The formation water is then treated to remove particulate-phase chemicals and discharged to ambient waters. The discharged mixture contains remnant particulate oil (in droplet form), dissolved oil, organic acids, phenols, metals, production chemicals, and radioactive material [84] . This mixture is the PW, and it is the largest-volume waste discharge for offshore oil and gas production activities [58, 84] . The physical states of PW are also complex; these include true solutions, suspensions, emulsions, particulates, and particleabsorbed mixtures [85] . The complex (i.e., mixture) state of PW adds to the difficulty of assessing environmental fate and risk [85] . A second complexity arises from the time-dependent relationship of water production from oil and gas extraction activities. Very small amounts of water are extracted in the beginning of the production process, but in the final stages of reservoir development, PW production may be as much as 98% of the extracted fluid [84] .
In the present study, the ERA framework was used to guide an assessment of exposure and the potential effects of PW dispersion from the Thebaud production platform on the Scotian Shelf [86] . During the problem formulation phase, the aqueous-soluble hydrocarbon components were identified as the toxic substances of concern [58, 84] . Of the aqueous-soluble hydrocarbon component, the observation was that benzene, toluene, ethylbenzene, and xylenes (BTEX) as well as polycyclic aromatic hydrocarbons (PAHs) of low molecular weight, namely benzene and naphthalene, were the largestmass components [58, 84, 87] . The ERA analysis phase requires that the various environmental pathways be characterized. Two models were chosen for exposure analysis. The first, CORMIX, was an open-channel wastewater dispersion model [84] , which was used to simulate the physical pathways in the marine environment. The second was Don Mackay's level 3 fugacity fate model, which was used to simulate the persistence of benzene and naphthalene for the plume areas and residence time evaluated by CORMIX [18] .
MATERIALS AND METHODS

Integrated fate modeling of PW for exposure assessment
Three components of exposure were analyzed to characterize the effects of PW dispersion on the Sable Island Bank (SIB). The first component was an examination for the physical pathways of tidal currents, water-column stratification, and plume areas. The second component was the variable production rates for PW. Two rates of water production were examined in the ERA. The first rate (present, 135.6 m 3 /d) was a six-month averaged flow rate for current production. A second rate (future, 211.7 m 3 /d) was determined using the maximum production platform capacity. The results from the physical dispersion model were then used to paramaterize the Mackay model's evaluative environment area and residence advection time. The Mackay model was the third component of analysis and was used to examine partitioning in the plume areas to establish compartmental concentrations and persistence. The results of the Mackay model were then compared to known effects concentrations in the accepted risk assessment format [88] (http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm).
ERA approach to exposure assessment
The ERA process is used to translate estimated risks from dose-response analysis to calculated real risk by application of exposure pathway analysis of site-specific data. The ERA process has three phases. The first is problem formulation, which is used to evaluate a preliminary hypothesis about possible ecological effects from human activities [88] . The second is analysis, which considers the two primary components of risk assessment, exposure and effects. The third is estimation of risk from characterization of the ecological response.
Problem formulation is used to develop ecologically relevant endpoints that help to sustain the natural structure, function, and biodiversity of the relevant ecosystem [45, 88] . Careful choice of appropriate endpoints facilitates a framework for measuring the site-specific stress-response relationships [45, 88] . Two elements are required to define an assessment endpoint. The first is identification of the specific, valued ecological entity, and the second is identification of a characteristic of the valued entity that is important to protect or is potentially at risk [11, 45, 88] . Table 1 . Typical concentration of soluble components of produced water (PW) and estimated risk quotient (RQ) using experimentally derived no-observed-effect data
Aromatic Endpoints were identified using two methods. The first involved a preliminary risk quotient (RQ). The preliminary RQ was used to identify which organic components of the PW mixture should be isolated for a detailed study. Table 1 presents the water-soluble components of the BTEX and PAH components of PW. The primary component of toxic concern is the aqueous-soluble, low-molecular-weight hydrocarbon components [58, 63, 65, 72, 84] . The RQ method should be employed for all components of the PW mixture. However, the modeling methods employed in the present study are only able to examine organic chemicals with narcotic action. Therefore, the present study should be viewed as an example of applying the ERA approach using benzene and naphthalene as the PW components of primary concern.
The second method used during the problem identification phase was an examination of the SIB ecosystem. The marine habitat surrounding SIB ( Fig. 1) is composed of shallow water (depth, Ͻ100 m) with a sandy bottom [89] . The dominant energy flows are from microbes, phytoplankton, and zooplankton into a benthic community that includes sea scallops, sand dollars, surf clams, northern propeller clams, snow crabs, polychaetes, amphipods, and demersal fish such as sand lance, haddock, Atlantic cod, silver hake, yellowtail flounder, and witch flounder [89] . Because PW effluent is essentially a wastewater plume [84] , the focus of the present study was on the plankton that inhabit the water column and are sensitive to hydrocarbons [56, 58, [90] [91] [92] [93] .
In the ERA, analysis is used to characterize site-specific exposure for the ecosystem being examined. Exposure is defined as the contact between a stressor and a receptor [11, 18, 45, 88] . The objective of analysis is to describe exposure in terms of intensity, space, and time in units that utilize the dose-response analysis. The exposure assessment conducted in the present study uses measures of the total amounts of contaminants at two different spatial scales throughout the various environmental media.
Two primary considerations characterize exposure. The first is the location of a source and the environmental media that receive the stressors. The second is the spatial and temporal distribution of the stressor in the environment, and this characterization is accomplished by careful examination of the potential environmental pathways of transport, such as air currents, water currents, density forces, particle forces, the food web, and possible transformation of compounds.
Integrated modeling inputs the information from one model into another model. Integrated modeling was the approach employed in the ERA using elements of steady-state hydrodynamic dispersion (CORMIX) to describe physical pathways and steady-state multimedia partitioning (Mackay fugacity level 3) to describe chemical pathways. This methodology first established exposure concentrations of key components of the PW. The key components were then used in a subsequent comparison with known effect concentrations for biota that are sensitive to low-level, soluble hydrocarbon concentrations in the anticipated plume area.
The characterization of ecological effects is used to examine the magnitude of stressor levels and endpoints for assessment [11, 45, 88] . Of particular interest at lower stressor levels are no-effect scenarios. No-effect levels are defined by comparison with stressor levels that indicate no significant adverse effects compared with controls for the experiments. When multiple stressors are present, the stressor-response analyses can be constructed for each stressor separately and then combined based on the mode of toxic action [84] . Narcosis is a common mode of action for many organic chemicals. In particular, many investigators have concluded that hydro- carbons under static-exposure conditions are narcotic (most recently, [94] [95] [96] [97] [98] ). Previous studies (including [94] [95] [96] [97] [98] ) revealed a number of important conclusions regarding uptake and fate of organic hydrocarbons. First, BTEX and PAHs have a common mode of action, narcosis, as do many of the constituents of PW. Second, because the mode of action is nonselective, no influence on molecular reactions occurs, and toxicity is controlled by organism-water partitioning, which is a reflection of aqueous solubility. Third, no particular single hydrocarbon or group of hydrocarbons can be regarded as the primary toxicant in aqueous solutions of oils; hence, the primary focus should be on the mass of the organic molecules or hydrocarbons for the purposes of exposure assessment in ERA. Therefore, the mass of BTEX (7.5 ppm for benzene) was represented by examining benzene, and the mass of the PAHs (1.2 ppm for naphthalene) was represented by examining naphthalene in the SIB marine environment.
The final product of the third phase in ERA is the RQ profile (RQP). The RQP applies the spatial concentrations to the doseresponse effects data in the form of a RQ. This spatial method of exposure assessment was first examined by Mackay and Wells [65] , followed by work from the National Research Council [57] . It was adapted in the present study to address risk estimation to both water-column and benthic communities.
RESULTS
CORMIX characterizations of physical pathways
The CORMIX model required that a site description of geometry be used to model the dilution of the wastewater plume. The water column on SIB has a variable depth (range, 26-37 m). The dominant currents for the Scotian Shelf result from tidal forces and winter currents in the SIB region are 15 cm/s, whereas summer currents are 10 cm/s [99] . For most of the year (January-June), the water column is typically unstratified and moving at greater speeds because of storms and increased turbulence. However, for the summer months (JuneOctober), water-column stratification and slower currents occur.
The physical pathway examination was completed by COR-MIX simulation. Two water-column profiles were examined, a 37-m depth profile and a 20-m depth profile. The results for the dispersion analysis are shown in Figures 2 through 4 . The effluent density was based on the known salinity for PW and temperature of discharge (ExxonMobil, Dallas, TX, USA, unpublished data regarding environmental effects monitoring [EEM]). A constant PW effluent temperature of 50ЊC was estimated, and a resulting density of 1,075.6 kg/m 3 was assumed for the risk assessment. Typical density for the SIB water column is 1,020.0 kg/m 3 [99] . The ambient water-column conditions (unstratified vs stratified) create two different plume conditions. In the unstratified water column, the plume is negatively buoyant and sinks. In the stratified water column, the plume initially is negatively buoyant but can become trapped, and subsequent dispersion is similar to that of a neutrally buoyant plume. The implications are discussed below. Figure 2 shows that for an unstratified water column, the plume descends until it reaches the benthic layer. The plume dilution (Fig. 2b ) is constant and increases based on the plume expansion in the water column, which is a function of the ocean currents, sea temperature, effluent temperature, and mass flow rate. The dilution curve can be compared to two chemical endpoints, the first being an estimate of toxic effects and the second being an estimate of where the plume reaches background concentrations.
In a stratified water column, the water column flows in layers based on the density gradient from salinity and temperature [100] . The layered flow causes the PW plume to be trapped at a point where the plume reaches neutral buoyancy in the water column (Fig. 3a) . Once neutral buoyancy is established (Fig. 3a) , dilution is much slower than that in the unstratified water column (Figs. 2b and 3b ). In the unstratified water column, the plume is free to expand in all directions. However, in the stratified water column, the plume expansion is confined, and dilution is much slower. Figure 4 examines the plume dispersion in a confined watercolumn depth. For an unstratified water column of variable depth (range, 20-36 m), the CORMIX analysis was expanded to account for the possibility of benthic interaction with the PW plume. Comparing Figures 2a through 4a , the plume descends through the water column until it reaches the benthic layer, and the expansion of the plume is then confined to the benthic region. Comparing the dilution curves (Figs. 2b-4b) , it is apparent that the dilution is more rapid in the unstratified water column with a depth of 36 m. In Figure 4b , once the plume reaches the boundary layer, dilution is much slower than that in Figure 2b . The CORMIX modeling results were used to create the evaluative environments and the residence times for the fugacity level 3 modeling of the SIB ecosystem.
In a similar manner, the distance to background concentrations can be plotted as a function of the plume dispersion. Using values of 5 g/L for benzene and 10 g/L for naphthalene [101] , background concentrations were reached within 30 to 35 m from the point of discharge (Fig. 5) . These values are conservative estimates of background values, which are typically between 10 and 100 ng/L [84] . However, the COR-MIX model is unreliable at predicting ocean mixing for timescales beyond the near-field results [102] . Therefore, the conservative estimate was used to approximate the distance for EEM validation of the present study.
Fugacity level 3 fate modeling
During the 20-m depth profile, interaction occurred between the plume and the benthic layer. This required the specification of three separate modeling environments.
The first modeling environment was concerned with an approximation of water-column processes. From previous PW fate monitoring studies, the area of effect was determined to be within 1 km of the discharge point [58, 84] . An area of investigation of 1 km ϫ 1 km was used to evaluate watercolumn transfer of the soluble hydrocarbon PW components to the phases of suspended sediment, biota, sediment, and soil. The time duration based on the CORMIX analysis was 3 h. The fugacity chemical modeling processes are shown in Figure 6 .
A second modeling environment was used to simulate partitioning from the water column and additional partitioning from the plume interaction (Fig. 4) with increased suspended sediment in the benthic region. Benthic region analysis was completed using an estimation of transfer for the combined fugacity phase descriptions found in Equation 1. A second parameter that needed to be reexamined was the reduction of tidal current velocity because of the influence of the benthic boundary layer (BBL). This was accomplished by an examination of the shear flow velocities for the region, as indicated Figure reference indicate those show how the fugacity environment was specified from CORMIX analysis. c WC ϭ water column. d P ϭ present flow rate; F ϭ future flow rate.
in Muschenheim et al. [103] . This increased the residence time of the plume by a factor of 10 (30 h) compared to the watercolumn processes. The diluted mass flow rates using Figure  4b were used to approximate the mass flow rate for modeling the phase transfer of benzene and naphthalene: where BBL sc is the sediment concentration in the BBL, BBL dpc is the BBL diluted plume concentration partitioning, and WC pc is the water-column partitioning for chemical concentrations before the BBL plume interaction. The third modeling environment used to examine persistence was derived from Figure 5 . Because background concentrations are reached within 30 to 35 m from the discharge point, it is important to evaluate the persistence of soluble PW components in the near-field range. An area of 300 m 2 was used to evaluate the near-field persistence, and a residence time of 5 min was used.
The present and future flow rates were used to approximate the mass flow rates for benzene and naphthalene. In this manner, persistence could be evaluated for the increased flow rate over time. The results for benzene partitioning are shown in Table 2 . Present and future flow rates were approximated for naphthalene, and the partitioning results are also shown in Table 2 . In the benthic plume analysis, CORMIX results indicated that both present and future PW had the same mass flow rate because of plume spreading.
Risk characterization using the toxic unit approach to the water column and BBL
Two regions of risk were analyzed for toxic effects. The bioavailability of a compound has been determined to be organism specific. However, in general, the soluble form (especially of hydrocarbons) is of greatest concern, because it has the ability to pass through membranes and gills [18, 104] . The second environmental medium of concern is the sediment layer [84] . The soluble concentrations of benzene and naphthalene were compared to chronic guidelines for no-observable-effect concentrations, as indicated by Neff [84] . The formula for the RQ is shown in Equation 2 [11] :
where PW EC is the produced water concentration and EC KE is the known effect threshold concentration.
The sediment concentrations were compared to an effect range low of 0.16 g/g, also as indicated by Neff [84] . For both media, a RQP was used to establish the spatial range of effects from the point of discharge [11, 88] . The RQPs for benzene and naphthalene were composed separately and then combined to examine the joint toxic action, as indicated by Abernethy et al. [94] . The formula for the joint toxic action is shown in Equation 3 [105] : c c c
where c i is the concentration of chemical i when acting in a mixture causing a biological response and C i is the concentration of chemical i when acting alone that causes a biological response. Using Equations 2 and 3, the RQP can be plotted based on the CORMIX and fugacity results to indicate the likely regions of risk based on the physical and chemical pathways. The results are shown in Figure 7 for both stratified and unstratified conditions. It is important to note that dilution by the water column is so rapid that in both cases (Fig. 7) , the distance to the no-observable-effect concentration is 1 m from the point of discharge. This indicates that risk is governed by factors that control the entrainment process and that for the volumes discharged, the water-column density structure is less important.
The fugacity results can be plotted for the anticipated sediment reactions with the PW components of naphthalene and benzene. Toxic sediment values for benzene were not found in our literature search. The sediment-phase RQs are shown for the SIB system in Table 3 .
The results from Figure 7 and Table 3 indicate that advection dominates the SIB system. The toxic chemicals from PW that are discharged to the water column could present environmental problems, as indicated in Table 1 . However, after Environ. Toxicol. Chem. 23, 2004 J.A. Berry and P.G. Wells Fig. 7 . Joint toxic action of benzene and naphthalene for a stratified water column. Risk is estimated using the toxic unit approach and assuming additive toxic action of benzene and naphthalene. For all flow conditions examined in the modeling process, the risk quotient curves showed that rapid dilution is controlled by the ocean flow rates and that no-observable-effect concentrations are reached in close proximity to discharge point (i.e., risk quotient ϭ 1.0). Reference to the figure that shows how the risk quotient was specified from CORMIX analysis.
following the ERA process, the physicochemical properties of the SIB system indicate rapid dilution and a low chance of persistence and toxic effects from benzene and naphthalene.
DISCUSSION
The present study was conducted to explore the risk to the local SIB ecosystem from PW produced by an offshore gas production platform. Two flow rates were identified to examine the present and future risk from PW effluent. To adhere to the ERA framework, two models were identified to complete the analysis of risk for the local ecosystem. The CORMIX results indicated that three modeling environments needed to be considered. First, a large area required examination to evaluate persistence in the documented effects zone. Second, because of water-column stratification, potential benthic habitat contamination needed to be examined. Third, a smaller region defined by the limits to region background concentrations was examined. The area of effect was minimized to maximize the phase concentrations from the soluble PW components. The results of this analysis indicate that for the PW components examined, most of the toxic material stays in the water phase, where it disperses to background levels and is advected from the system.
Whereas the results indicate that the risk of PW soluble hydrocarbon constituents to the SIB ecosystem are low, the possible joint toxic action of the phases has not been estimated in the present study. Using the two models, it can be seen that the chemical mass will not remain for long in the local ecosystem. However, the results could be used to explore the interrelation of phases and toxic action for the local biota.
where c pi is the phase concentration of chemical i in a mixture that causes a biological response, C pi is the phase concentration of chemical i when acting alone that causes a biological response, c n pn is the phase concentration of additional chemical in a mixture that causes a biological response, and C n pn is the phase concentration of chemical n when acting alone that causes a biological response. The proposed Equation 4 could be used to assess the effects of multiple toxicants in multiple phases, assuming that additivity of the chemicals' toxic actions is correct. Using the evaluative modeling methods established above, this equation could be used to conduct dose-response experiments to examine the potential effects for various biota and trophic levels (e.g., many zooplankton live in both surface and benthic waters, and risk analysis needs to consider the effect of this duality [106] ).
The modeling methods employed in the present study are mechanistic models and do not examine an important fate mechanism, biotransformation, that involves changes in the structure of a chemical mediated by enzymatic action of biota [104] . Neither fugacity modeling nor the CORMIX model considers this very important fate mechanism. Because the very nature of biotransformation depends on the local biota, the methods employed here cannot be used to approximate these processes. However, for the spatial and temporal limits of the present study, biotransformation probably will not be an important fate mechanism.
Modeling, ecotoxicology, and Don Mackay's contributions
All useable models arise from the synthesis of data, and data come from various forms of biological, chemical, and physical research. During a recent offshore oil and gas EEM conference held at Bedford Institute of Oceanography (Halifax, NS, Canada), Don Mackay remarked on this by stating ''20 percent of funding should be spent on models while the remaining 80 percent should be spent on environmental effects monitoring.'' Modeling is a collaborative intellectual effort (or field). The interaction, even if it leads to the wrong model (quickly disproven), is of value to identifying key questions and approaches to answering them. Don Mackay's contributions and efforts greatly aided the approaches and interpretation of the present study regarding PW. His philosophy helped us to simplify the complex oceanographic and biological processes and, thereby, to conclude from the present study that PW soluble components pose a low risk to the SIB ecosystem. This conclusion should now be tested by appropriate EEM studies of the Scotian offshore [107] .
Fate modeling of produced water for exposure assessment Environ. Toxicol. Chem. 23, 2004 2491 The present study examined the two physical pathways of benzene and naphthalene persistence from PW effluent. A physical dispersion model was used to describe the possible physical interactions in the SIB water column. Mackay's fugacity level 3 was used to describe the chemical reactions and phase tendency for the SIB water ecosystem. This paper also illustrates that Don Mackay's contributions have been many. For example, his research has greatly enhanced the field of ecotoxicology. Don Mackay has helped to develop insights regarding oil spill modeling, chemical transfer modeling, and biotic response modeling. These studies were used as a backbone to this research, without which many more research questions concerning the fate of soluble hydrocarbons would have to be addressed.
The present results suggest that the risk to the SIB ecosystem from the two aqueous soluble hydrocarbons of greatest concentration in the PW mixture is low. Previous studies of PW have concluded that the majority of toxic action is represented by benzene and naphthalene, and the present study has proposed reasonable exposure estimates for validation by further EEM work. This assessment should be expanded to characterize the remaining PW effluent contaminants for a more accurate ERA.
